ABSTRACT
Polyoxometalates (POM) have a rich and promising photochemical behavior. Upon illumination at the O→M CT band (i.e., in UV and near-visible area) become powerful oxidizing reagents able to oxidize various organic compounds. In the process POM undergo stepwise reduction accumulating electrons that can be subsequently delivered, via thermal reactions to a variety of oxidants. This way a great variety of organic compounds are oxidized and indeed mineralize to CO 2 , H 2 O and inorganic anions and several organic and inorganic compounds can be reduced via a photocatalytic process in which POM serve as electron relays. Thus, in principle, POM can serve as decontamination photocatalysts of aquatic media removing both organic pollutants and metal ions. Under special conditions controlled photocatalytic reactions have been reported. In addition the reduction precipitation of metal ions mediated by POM may lead to formation of metal nanoparticles in which POM serve as reducing reagents and stabilizers.
INTRODUCTION
The Chemistry of what is now known as polyoxometalates (POM) goes back to Berzelius in the early nineteenth century. The development, as everything else in those days, has been quite slow picking up momentum in the early twentieth century with Werner's coordination theory and the contribution of several pioneers in Inorganic Chemistry.
Today, modern sophisticated instrumentation has open new ways to explore and study the rich diversified Chemistry of these compounds (1) .
The first notice on the photochemical properties of POM was published in 1916 (2) followed by another one sometime later 1952 (3) . It was also observed in the early sixties that POM precipitated out with dioxane and exposed to light turned blue, the characteristic color of the reduced POM (4) . The oil embargo in the early seventies and the search for solar energy conversion and storage has been the starting point for systematic photochemical work on POM. Some typical categories and structures are presented in figure 1 .
One of the characteristic properties of POM is that they undergo stepwise multielectron redox reactions keeping their structure intact. Thus POM can serve as multielectron relays. POM can also serve as oxygen relays, replenishing the consumed oxygen with atmospheric oxygen (5). The last two properties have made POM important catalysts in a variety of redox reactions.
The basic catalytic reactions involved in both cases are:
Overall S + oxidant
where S = substrate
The most effective and benign oxidant is dioxygen. However, a variety of other oxidants can serve in this purpose.
In photocatalytic processes the same overall reactions are involved. The basic difference is that reaction (1) is driven by light.
THE PHOTOCATALYTIC CYCLE
It is now well documented that illuminating POM with near-Visible and UV light, that is at the oxygen to metal charge transfer (O → M CT) bands renders POM powerful oxidizing reagents able to oxidize a variety of organic compounds, whereas, at the same time POM are reduced to usually blue POM (6).
The overall photochemistry of POM can be described by the photacatalytic cycle of figure 2. The various stages involved in this cycle are as follows:
Firstly, there have been various data suggesting that upon mixing of POM with organic species a preassociated complex or preequilibria, not shown in figure 2, is established. The excited POM is able to oxidize and indeed mineralize, as we'll see below, a great variety of organic compounds and for that matter organic pollutants of diversified structure and properties.
In the absence of a strong oxidant continuous illumination accumulates electrons on POM driving the redox potentials to more negative values until an oxidant in the solution is able to act as electron acceptor and close the photocatalytic cycle. We have more to say on the subject later. Reduced POM can be obtained also by a variety of inorganic and organic reductants and electrolysis (6).
Electrons accumulated on POM can be withdrawn by various electron acceptors. In the absence of such oxidants, in deoxygenated solutions, the nice blue color of the reduced POM develops and the photoreaction is easily followed spectrophotometrically, figure 3 . Dioxygen, the most common and benign oxidant, restores the catalyst to the original oxidized form. In the process dioxygen undergoes reductive activation, O 2 -, initiating further oxidations.
The overall reactions involved in this cycle are analogous to those in thermal chemistry (6).
Overall: S + oxidant
As a general rule, molybdates are better oxidants than tungstates, (eqn 1). Their reoxidation, however, requires strong oxidizing reagents. Tungstates, on the other hand, are poor oxidants.
However excitation renders tungstates powerful oxidizing reagents (eqn. 1a) and due to their fast reoxidation by dioxygen, effective photocatalysts.
The turn over number, i.e., the number of photocatalytic cycles is indeed great and, practically, goes on until the organic substrate has been consumed.
The above is an overall view of the variety of redox reactions that take place in the photocatalytic cycle.
Similarities with metal oxide particulates
The photochemistry of POM resembles very much the chemistry of semiconductors (7) as mentioned earlier. With respect to the above, it should be noted that, like POM, aggregates of various sizes can be formed by condensation of metal oxides such as TiO 2 or WO 3 . Their size depends on the preparation method. Particles with diameter over roughly 15 nm behave, generally, as bulk semiconductors (SC), whereas, smaller particles, say less than 5 nm have, more or less, molecular characteristics and characterized as quantum size clusters or quantum dots. POM, then, in SC terminology, may be considered ideal quantum size clusters, or quantum dots. Impinging light λ > E g (E g the band gap energy between valence band (VB) and conduction band (CB)) leads to electron (e -) hole (h + ) separation in analogy to O → M CT band, mentioned earlier. It turns out that those two systems have an overall similar behaviour (7) . Figure 4 depicts the parallel photocatalytic action of these two systems
Factors that influence the photocatalytic process
Several factors appear to influence the photocatalytic behavior of both systems: (a) The value of preassociated equilibrium constant (eqn. 4), figures 2, 4 (b) the excited state life time, (c) the redox potential of POM, (d) the nature of organic substrate and (e) the pH of the solution which seems to exert an important influene at the reoxidation rate of reduced POM by dioxygen (8) and other oxidants.
The differences in the photochemical behavior that exists between tungstates and molybdates ought to be mentioned. Figure 5 shows plots of the quantum yields (QY) of the 1-electron reduced POM with concentration of S. (QY is the number of molecules of reactant consumed or product formed, per photon absorbed).
It can be seen that in order to reach saturation (i.e., zero-order kinetics) the required concentration of S (propan-2-ol) is ≅ 0.1 M for tungstate and ≅ 10 M for molybdate. The latter one coupled with the fact that reduced molybdates are very resistant to reoxidation, makes the photocatalytic behavior of polyoxomolybdates very poor.
An advantage, from theoretical point of view, of POM relative to metal oxide particulates is that POM have well defined structures and properties and their redox chemistry involves stepwise addition and removal of electrons easily followed spectrophotometrically (7). We provide some typical examples in every case.
PHOTOOXIDATION OF ORGANIC COMPOUNDS
Practically all organic compounds upon illumination in the UV near-visible area in the presence of POM undergo oxidation, reacting either directly with the excited state (eqn. 6) 
or, indirectly via OH radicals (eqn. 7)
(where POM(e -+ h
Whether the excited POM reacts with organic substrates directly, i.e., via (h + ), or indirectly via OH radicals, the process results in oxidation of the organic compound and reduction of the catalyst POM.
There is ample evidence that the excited catalyst reacts also with H 2 O (oxidative hole trapping) creating surface bound OH radicals (9) , resulting in indirect reaction of excited POM with substrate: (a) ESR trapping experiments have detected OH radicals (10, 11) . (b) OH adduct (hydroxylation products) have been detected in photolysis experiments involving a variety of organic compounds (pollutants) (12, 13) ; see below. It should be mentioned that an argument goes on as to whether the OH adduct is a product of OH addition in substrate R or it is a hole addition followed by hydrolysis, as shown below. Direct reaction of the excited POM with S has been also shown to take place. Firstly, the photochemistry in inert organic solvents, as it will be discussed below, proceeds in the absence of water and, therefore, OH radicals. Experiments performed with POM dissolved in pure substrate have shown that photoreactions proceed, most of the time, considerably slower than the corresponding reactions through OH radicals. Generally, experiments have shown that the rate of photooxidation of an organic substrate decreases as the ratio substrate/water increases, following a peak performance (9).
However, the formation of OH radicals by POM cannot be generalized. Recent laser flash photolysis kinetics by Texier et al of excited W 10 O 32 4-* with a variety of organic compounds, rather exclude the possibility of taking place through OH radicals (14) . Also photochemical experiments, in the presence of OH radical scavengers, suggest that the predominant oxidation of organic compounds is the direct reaction. The argument, however, has not been settled and it is not only of academic interest. Reactions through OH radicals, i.e., through a common powerful oxidizing reagent, means lack of selectivity on the catalyst part, whereas, direct redox reactions ought to be regulated by the structure, redox potential etc., of the excited catalyst.
Mineralization of organic pollutants.
The reaction of the substrates either directly with the excited state, or indirectly via OH radicals, results in complete photodecomposition (i.e., mineralization to CO 2 , H 2 O and inorganic anions) of practically all organic compounds and for that matter organic pollutants. In other words, the organic substrates act as adsorbed traps for the photogenerated holes and/or "surface" OH radicals created on illuminated POM, as mentioned earlier. 4-is stable for a few hours at pH 2.5). These compounds effectively decompose a variety of organic pollutants. Pesticides, incecticides, pollutants of diversified structures and properties, all undergo mineralization upon illumination in the presence of POM (7) . Figure 6 demonstrates the effectiveness of POM catalysts in the photodecomposition of diversified organic pollutants (15) . The only exception so far is atrazine which photodecomposes to cyanuric acid that undergoes no further decomposition (16) . Similar behavior is also experienced by TiO 2 , see below.
The photodecomposition proceeds via the formation and decay of several intermediates formed by OH addition (hydroxylation), dehalogenation, deamination, decarboxylation, dealkylation, H-abstraction, breaking of C-C bond in aliphatic and aromatic compounds. Prior to CO 2 evolution, short chain aliphatic acids and acetic acid have been detected.
Notice that POM being at their highest oxidation state (all tungsten are W 6+ ) participate in the photoredox processes, at the beginning, exclusively as oxidants. However, the formation of CH 2 and CH 3 groups detected in the intermediates that result, from aromatic carbon (i.e. CH groups) implies that there is a reductive (hydrogenation) pathway besides the oxidative process. Some characteristic examples follow: Scheme 1 illustrates the intermediates and final degradation products formed by orho, meta and para chlorophenols illuminated in the presence of POM. Figure 7 depicts the characteristic profile of the photodegradation of ortho-chlorophenol (o-ClPh), i.e., the formation and decay of some intermediates and the gradual development of the final degradation products CO 2 and Cl - (13) Another example shows the photodecomposition of 2,4,6-trichlorophenol (2,4,6-TCP) and the development of the final degradation products, i.e., CO 2 and Cl -, (figure 8), whereas, scheme 2 registers some of the intermediates detected in the process (17) .
The only case so far in which mineralization of the organic compound has not been observed is atrazine, as mentioned earlier. The pathways of photodecomposition are indicated in Scheme 3.
The final product is cyanuric acid. Interesting enough, cyanuric acid has also been detected as the final product of atrazine photodecomposition with TiO 2 and sonolysis. This is another indication that photodecomposition of organic compounds by POM and metal oxide particulates (TiO 2 ) takes place via a common reagent, OH radicals.
All photocatalytic processes with POM follow first order kinetics (figures 6 and 9).
Selective vs. non-selective oxidations
Despite the complete photocatalytic decomposition of organic compounds in the presence of POM, selective oxidations have been reported.
Photoreactions with POM in inert organic solvents seem to be more under control compared to reactions in aqueous solutions.
Various schemes for the dehydrogenation, alkylation, vinylation, carboxylation, acylation and oxidation of alkanes have been reported. Some general rules on the fate of the radical R formed from the reactions of an excited POM with a substrate RH, as mentioned earlier, have been provided by Hill (18) . POM * + RH → POM red + R + H + Hill suggests that the radical R. can be reduced by POM red to form a carbanion, or may be oxidized by POM ox to form a carbocation, depending on the redox potential of POM. The radical may also dimerize or undergo radical cross coupling with another radical, or dehydrogenation (18) .
Selectivity has been reported also to take place in aqueous media.
Thus, primary alcohols have been selectively photooxidized to aldehydes and secondary to ketones (6). In addition, allyl CH 2 =CHCH 2 OH and prop-2-ynyl (propargyl) CH≡CCH 2 OH alcohols result in oxidation only of the alcoholic moieties, leaving the double and triple carbon-carbon bonds intact (6).
In view of the formation of the highly oxidizing OH radicals in the photocatalytic process, selective oxidation seems rather strange. However, detail examination of the photo-oxidation of propan-2-ol to propanone in the presence of PW 12 O 40 3-(λ > 320 nm), showed that selectivity is, as ought to be, kinetically controlled (9) . For instance, the rate of photo-oxidation of propan-2-ol is two orders of magnitude faster than the rate of photo-oxidation of propanone. This, by the way is, in agreement with the differences in the rates of reactions of OH radicals with these two species. Prolonged illumination of propan-2-ol in the presence of POM leads to CO 2 as has been the case for numerous aliphatic and aromatic compounds (9).
REOXIDATION-REGENERATION OF CATALYSTS

Diversified oxidants, dioxygen
Illumination of organic species in the presence of POM results in oxidation of organic compounds and reduction of POM. Continuous illumination keeps accumulating electrons on the catalyst (figure 3) driving the redox potentials to more negative values until a species in the solution is able to accept the electrons (6). The reduced POM are now capable of reducing a diversified number of chemicals. It should be emphasized that an advantage with POM is that the photochemical and thermal redox reactions, in other words the photoreduction and thermal reoxidation of POM, are discrete processes that can be separated by time and space according to our will. Thus, in the absence of dioxygen, the redox potential reach negative enough values to reduce, from a thermodynamic point of view, H + to hydrogen. At this point a steady state is obtained at which the rate of photoreduction of POM is matched by the rate of its reoxidation by H + (H 2 -evolution). The same holds true for other oxidants (eqn. 2). Unfortunately, the quantum yield for hydrogen production is only about 1%, and it is far from being of any practical value (6). This way, photocatalytic decontamination of aqueous solutions, from organic pollutants and metal ions can take place, upon illumination in the presence of POM Figure 10 shows the recovery of metals through illumination of a solution containing PW 12 
POM(e -
)
Formation of metal nanoparticles
The formation of metal nanoparticles is a challenging process from fundamental and practical point of view. Metal nanoparticles have been obtained by various methods, i.e., thermal (25) , photochemical (26, 27), radiolytic (28), etc., using various reagents. can be separated in time and space or take place in one pot system, makes these compounds capable of functioning as new multifunctional mediators showing both reducing and stabilizing ability in the synthesis of metal nanoparticles. Figure 12 shows the absorption spectra of metal nanoparticles (Ag, Au, Pd, Pt) obtained after thermal reaction of photogenerated 1-equivalent reduced 12-tungstosilicate SiW 12 O 40 5-with the corresponding metal ions (29) .
PERSPECTIVES
POM are important photocatalysts functioning as electron and multielectron relays for a variety of redox reactions that involve: (a) selective oxidation of organic compounds, (b) non-selective oxidation (i.e., mineralization to CO 2 , H 2 O and inorganic anions) of a great variety of organic pollutants and (c) reduction of several organic and inorganic species.
This indeed rich photochemical behavior has not as yet been accompanied by any commercial exploitation. The reason is that POM like metal oxide particles, carry several inherent problems. Firstly, they have a small absorption in the visible, i.e., they are poor antennas for harvesting solar energy and secondly their recovery is not an easy task. Whereas, the first problem is an ever-present challenge, several recent reports on the effective immobilization of POM on various surfaces appear very encouraging. Other promising areas of research seem to be the exploration of selective redox reactions mediated by the great variety of POM as well as their photocatalytic role as reducing reagents and stabilizers in the formation of metal nanoparticles.
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